Multiple drilling is reported to be an effective treatment for osteonecrosis of the head of femur, but its effect on intra-osseous pressure has not been described. We undertook multiple drilling and recorded the intra-osseous pressure in 75 osteonecrotic hips in 60 patients with a mean age of 42 years (19 to 67). At a mean follow-up of 37.1 months (24 to 60), 42 hips (56%) had a clinically successful outcome. The procedure was effective in reducing the mean intra-osseous pressure from 57 mmHg (SD 22) to 16 mmHg (SD 9). Hips with a successful outcome had a mean pressure of 26 mmHg (SD 19). It was less effective in preventing progression of osteonecrosis in hips with considerable involvement and in those with a high intra-osseous pressure in the intertrochanteric region (mean 45 mmHg (SD 25)). This study is not able to answer whether a return of the intra-osseous pressure to normal levels is required for satisfactory healing.
The association between a rise in intraosseous pressure and osteonecrosis of the proximal femur was noted by Ficat et al. 1 It is uncertain whether the increased pressure is a result of osteonecrosis or a factor contributing to it, but it is not disputed that such an increase is a hallmark of osteonecrosis, even in the preclinical stages. Because bone behaves as a Starling resistor, a collapsible conduit when pressure along the conduit is greater than the intraluminal pressure, an increase in intra-osseous pressure will cause a reduction of blood flow in the bone marrow and consequent osteonecrosis.
2 Core decompression reduces intra-osseous pressure and is believed to enhance the process of creeping substitution into the necrotic area by stimulating an angiogenic response in the drilled channels.
3-5
Mont, Carbone and Fairbank 6 reviewed 42 papers involving 2025 hips and concluded that 63.5% of the core decompression group and only 22.7% of the non-surgical group had a satisfactory clinical result. However, a core of bone of 8 mm to 12 mm needs to be removed from the head of femur to decompress the bone, which could potentially compromise the mechanical properties of the osteonecrotic head or the subtrochanteric area. 7 More recent studies conflict with previous reports, and investigators are less optimistic about the effect of core decompression. 8 Mont, Ragland and Etienne 9 described a technique using several small diameter holes. At a mean of 24 months (20 to 39) after surgery the clinical outcome was successful in 71% of the hips studied and in 80% of the hips with Ficat and Arlet stage I osteonecrosis.
The purpose of this study was to investigate whether multiple drilling into the osteonecrotic lesion within the head of the femur could lower the intra-osseous pressure. In addition, the clinical outcome was analysed with reference to the demographic and radiological factors, and the intra-osseous pressure.
Patients and Methods
Between 1999 and 2004, 65 patients (56 men, nine women) with osteonecrosis of the head of the femur in 82 hips were enrolled in the study. Five patients (seven hips) were lost to follow-up. This left 75 hips in 60 patients (52 men, eight women) for evaluation. The mean age of the patients at the time of surgery was 42 years (19 to 67). All patients gave informed consent for the intra-operative monitoring of intra-osseous pressure and subsequent multiple drilling of the osteonecrotic femoral heads.
Inclusion criteria for the study were osteonecrosis of the femoral head and marked pain in the groin in patients who had not undergone previous surgery. Only patients whose femoral heads had not collapsed or only exhibited early collapse, were included. There were two stage I, 43 stage II and 30 stage IIIA osteonecrotic hips as assessed by standard radiography, CT, or MR imaging based on the Association Research Circulation Osseous (ARCO) classification system.
Ten patients (15 hips) had a history of corticosteroid use, defined as a dose greater than 1 g per month of prednisone or equivalent for a minimum of three months. Two of these patients (three hips) had systemic lupus erythematosis, three (four hips) had asthma, and five (eight hips) had other conditions, including cerebral arteriovenous malformation, acute respiratory distress syndrome, severe psoriasis and ankylosing spondylitis. Alcohol abuse was identified in 44 patients (53 hips) and six patients (seven hips) were considered to have idiopathic osteonecrosis as no known risk factors could be found.
Before operation details of the patient's age, gender, body mass index (BMI), duration of symptoms, the presence of risk factors, and unilateral or bilateral involvement, were recorded ( Table I) .
The clinical outcome was assessed by a modified Harris Hip Score (HHS), 11 with 90 to 100 points considered an excellent result, 80 to 90 points good, 70 to 79 points fair, and < 70 points poor. Clinical success was measured at the most recent follow-up and was defined as a score ≥ 80 points, and failure as patients with a score < 80 points or those who required additional procedures such as bone grafting, osteotomy, or hip replacement.
The extent of the lesion was assessed using the combined necrotic angle of Kerboul et al 12 and the modified index of necrosis. 13, 14 The angles encompassing the maximum size of the lesion on the coronal and sagittal slices on MR imaging were used for the calculation (Fig. 1) . Using the Kerboul angle 12 for stratification of hips, 13 had a small lesion (< 200° combined necrotic angle), and 62 a large lesion (≥ 200° combined necrotic angle). Using the modified index of necrosis for stratification, 13,14 13 hips had mild (modified index of necrosis < 30), 12 hips had moderate (modified index of necrosis between 30 and 40), and 50 had severe disease (modified index of necrosis ≥ 40). All patients were followed up prospectively with serial radiographs to assess collapse of the head of the femur and narrowing of the joint space using microcaliper readings. 15 The radiological measurement and staging were undertaken by two of the authors (MSL, P-HH). All 75 hips had radiological records available for analysis. Each of the assessors independently rated the radiographs twice at an interval of two months. The intra-observer reliability of the two surgeons was excellent, with agreement in all cases. The inter-observer agreement in the 75 hips was excellent, with a κ value of 0.88. Radiological failure was defined as collapse of the femoral head exceeding 2 mm or progression of the staging of the disease at the last follow-up.
Operative procedures and measurements of intra-osseous pressure. Under general anaesthesia, the patient is placed on a fracture table in the supine position. No traction is applied to the involved limb. The intra-osseous pressure is measured through a 1.8 mm spinal needle connected to a pressure transducer module via a Transpac IV monitoring kit (Abbott Critical Care System, Abbott Laboratories, Chicago, Illinois). The pressure monitor system is calibrated in each test according to the manufacturer's instructions. The needle is introduced percutaneously to the desired location through a pre-drilled 2 mm diameter hole under fluoroscopic guidance. The intra-osseous pressure is registered sequentially in the proximal tibia, the distal femur, the hip at the intertrochanteric region, the osteonecrotic lesion, and the lesion after multiple drilling. It is monitored until a steady state is reached, and then the values are recorded a minimum of three times, with an interval of one minute between each reading. When recording of the intra-osseous pressure in the intertrochanteric area is complete, the osteonecrotic lesion is penetrated by a 2 mm Kirschner wire and a spinal catheter is inserted in the lesion for continuous monitoring (Fig. 2) . Multiple drilling into the osteonecrotic lesion is then performed using a 3.2 mm cannulated trephine through a common entry point. The pressure in the proximal tibia and the distal femur is adopted as the normal value. Once the pressure in the lesion decreases to the values measured in the proximal tibia and the distal femur, drilling is stopped. Post-operatively, the patients were instructed to use two crutches when walking for six weeks if drilling was done unilaterally. Two crutches for walking were advised for 12 weeks for patients who had undergone bilateral procedures. No further rehabilitation programme was implemented. Patients were advised not to perform high-impact loading activities during the follow-up period. Statistical analysis. The SPSS software package (SPSS Inc., Chicago, Illinois) was used for statistical analysis and to generate κ values for the measurement of intra-and interobserver agreement. The prognostic effect of age older or younger than 40 years, gender, BMI, the use of steroids, unilaterality or bilaterality, duration of symptoms, the Kerboul combined angle, the modified index of necrosis, the ARCO stage at initial examination, and the pressure measured at different locations were tested. Independent Student's t-tests and chi-squared tests were used to characterise patients with successful or failed clinical results. Analysis of variance (ANOVA) was used to compare the intra-osseous pressure between different stages of osteonecrosis. Statistical significance was set at p < 0.05.
Results
The monitoring procedures of the proximal tibia, the distal femur and the hip, resulted in no morbidity, such as fracture, neurovascular injury, instrument breakage or wound complications.
A successful clinical result was obtained in 42 of 75 hips (56%) (17 excellent, 25 good) at the most recent follow-up at a mean of 37.1 months (24 to 60) for the successful hips and a mean of 29.3 months (2 to 60) for all hips. Of the 33 hips (44%) that were considered clinical failures, 28 had additional procedures at a mean of 15 months (2 to 48) Radiological success was seen in 43 hips (57%). Of the 42 hips with successful clinical results, four had further collapse of the head of femur (radiological failure), but the hip was relatively painless with acceptable function. Of the 43 radiologically successful hips, five had failed clinical results. Of these, three were converted to bipolar hemiarthroplasties, one to a total hip replacement, and one had an HHS of 78 points. All these five hips were initially classified as ARCO stage IIIA.
When stratified by the ARCO system, both of the stage I hips survived as did four of the five stage IIB hips, 24 of the 38 (63%) stage IIC, and 12 of the 30 (40%) of stage IIIA. Age, gender, BMI, the duration of symptoms before surgery, unilateral or bilateral hip involvement, and a history of steroid exposure were not significantly associated with the clinical result (Table I ). In the 42 hips that survived, the HHS improved significantly from a mean of 64.4 (SD 6.9) pre-operatively to a mean of 88.0 (SD 4.1) at the last followup. The effect of multiple drilling on intra-osseous pressure. The mean number of drill holes required to reduce the pressure was 8.6 (5 to 11). When the severity of disease was stratified by the Kerboul combined angle (< 200°, mean 9.1 drill holes (6 to 11); ≥ 200°, mean 8.5 drill holes (5 to11)), the modified index of necrosis (< 30, mean 9.1 drill holes (6 to 11); 30 to 40, mean 8.5 drill holes (6 to 11); ≥ 40, mean 8.6 drill holes (5 to 11)), and the ARCO stage (I and II, mean 8.7 drill holes (6 to 11); IIIA, mean 8.6 drill holes (5 to 11)), the number of passes of the drill to reduce the intra-osseous pressure was not statistically different (Kerboul, t-test, p = 0.28; index of necrosis, ANOVA p = 0.56; ARCO stage, t-test, p = 0.75). In those patients with a pressure in excess of 40 mmHg in the osteonecrotic lesions, the mean number of drill holes was 8.8 (5 to 11). The mean number of drill holes for patients with an intra-osseous pressure below 40 mmHg was 8.1 (5 to 11). However, no statistical difference was found between them (t-test, p = 0.17). Extent of lesion and clinical results. When the hips were divided into non-collapsed (ARCO stage I or II) and early collapsed stages (ARCO stage IIIA), 30 of the 45 (67%) non-collapsed hips had a successful clinical result, compared with 12 of the 30 (40%) early collapsed hips (chisquared test, p = 0.023) (Table II) . Using the modified index of necrosis, 15 clinically successful outcome was achieved in 92% of hips (12 of 13) In all 75 hips, the intra-osseous pressure in the intertrochanteric region and the osteonecrotic lesion was significantly elevated compared with that in the proximal tibia and distal femur (Table II) . The mean intra-osseous pressure in the osteonecrotic lesion was 34 mmHg (SD 14) in ARCO stage IC, 40 mmHg (SD 25) in ARCO stage IIB, 58 mmHg (SD 21) in ARCO stage IIC, and 60 mmHg (SD 22) in ARCO stage IIIA. However, there was no statistically significant difference between the hips with different stages of disease (ANOVA, p = 0.13). Multiple drilling was effective in reducing the intra-osseous pressure in the osteonecrotic lesion from a mean 57 mmHg (SD 22) pre-operatively to a mean of 16 mmHg (SD 9) post-operatively. Between hips with a successful or a failed clinical result after multiple drilling, the mean pressure in the osteonecrotic lesion was not statistically different (t-test, p = 0.968). However, the intra-osseous pressure in the intertrochanteric region was significantly higher in the hips that had failed to respond to multiple drilling (mean 45 mmHg (SD 25)) compared with those with successful clinical results (mean 26 mmHg (SD 19) (t-test, p = 0.001).
Discussion
Core decompression is the most common procedure undertaken for treatment of early osteonecrosis of the head of femur. The aim is to reduce the pressure in the femoral head, to restore normal vascular flow, and to alleviate pain.
3,6-9, 16 Traditionally, a core of bone ranging from 8 mm to 12 mm in diameter, depending on the width of the femoral neck, was removed as an excisional biopsy and to reduce the intra-osseous pressure.
3,6,7 Mont et al 9 modified the technique and used a 3.2 mm Steinman pin with two passes through smaller lesions and three passes through larger lesions, using one common entry point, obtaining a success rate of 80% in Ficat and Arlet stage I hips and 57% in stage II hips at a mean follow-up of two years.
We monitored the intra-operative pressure during the multiple drilling, which provided immediate feedback of the pressure levels to determine how many passages of the trephine were needed. The mean pressure in the intertrochanteric region (34 mmHg) and in the osteonecrotic lesion (57 mmHg) was significantly elevated compared with that in the distal femur (17 mmHg) and the proximal tibia (17 mmHg) before the drilling. The intra-osseous pressure did not return to normal levels until a mean of 8.6 passes of the trephine into the osteonecrotic lesion. Our findings contrast with those of Mont et al, 9 where only two or three passages of the drill were undertaken. The success rate of 67% achieved in this study, was not as good as the 71% designed by Mont et al, 9 when the multiple drilling procedure was performed in pre-collapse hips. The difference might be due to a gradual reduction in the pressure, so that drilling more than three times might not be necessary. Also, multiple drilling might change the haemodynamics of the osteonecrotic head of femur so that reducing the pressure to normal might not be required to initiate repair. It is also possible that a relatively higher proportion of patients in our study (71%) had alcohol abuse as a risk factor, compared with other studies in the literature (10% to 74%).
9,17
A reduction in osteogenic differentiation of mesenchymal stem cells has been found in alcohol-induced osteonecrosis.
17 If the abuse of alcohol continued after the osteonecrotic lesion had been drilled, the results would be likely to be adversely affected. Gangji et al 18 injected bone-marrow mononuclear cells through a 3 mm trephine into the osteonecrotic lesion in a pilot study of ten patients and achieved a 90% survival rate, and there is some evidence from animal studies that bone marrow mesenchymal stem cells may induce healing in early-stage experimentallyinduced osteonecrosis. 19 The addition of osteoinductive, osteoconductive and cellular components might, in theory, confer greater advantage than reducing the intra-osseous pressure alone. It is possible that the number of passes of the drill to reduce the pressure is of no importance in terms of the prognosis. This question has not been answered by our study, and would require a prospective randomised trial to resolve the matter.
In our patients, the rate of success decreased to 40% when the procedure was carried out for early collapsed osteonecrosis (ARCO stage IIIA). It is generally believed that the outcome of osteonecrosis of the head of the femur is influenced by the size and the location of the lesion relative to the weight-bearing portion. This has been borne out by the stratified results for the modified index of necrosis and the Kerboul combined angle. For both measures, as the osteonecrosis worsened, the outcome was less favourable.
The normal intra-osseous pressure in the proximal femur is less than 30 mmHg. [20] [21] [22] The elevated level found in the intertrochanteric region of patients with osteonecrosis of the head of femur may imply a progressive disturbance of the bone marrow circulation as the disease increased in severity. 23 Conversion of marrow to fat, increased adipogenesis and a reduced blood supply to the head of femur may all contribute to the intra-osseous hypertension related to the pathogenesis of osteonecrosis. [24] [25] [26] Hypothetically, when the bone marrow sinusoid is occupied by fat cells, the drainage of the proximal femur will be further compromised. This view has been supported by saline provocation tests. 20 Even where we reduced the pressure to normal levels by drilling multiple holes in the osteonecrotic lesion in these hips, further collapse of the head of femur could not be prevented. Whether this reflects the severity of disease or a compromise in the reparative process attributed to the inadequate quality and quantity of the mesenchymal stem cell pool in the proximal femur, 18,27 requires investigation. To our knowledge, the poor prognosis associated with elevated intra-osseous pressure in the intertrochanteric region has not been described previously. These findings also suggest that osteonecrotic hips at the same radiological stage could have different physiological conditions and different fates.
Osteonecrosis of the head of femur is associated with an increase in intra-osseous pressure. Even though multiple drilling was effective in reducing the pressure, the procedure was less effective in avoiding progression in hips with more extensive lesions and those with a higher pressure in the intertrochanteric region.
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